Visualization of the peripheral arteries on single-slab 3D time-of-flight (TOF) MR angiography (MRA) can reflect blood flow velocity. The velocity in the middle cerebral artery (MCA) may correlate with cerebrovascular reactivity (CVR) to acetazolamide, which can be used to assess hemodynamic impairment. The goal of this study was to compare the signal intensity of the MCA on MRA versus CVR quantified by perfusion single-photon emission CT (SPECT).
A s local cerebral perfusion pressure falls, regional cerebral blood flow is maintained by the cerebrovascular autoregulatory mechanisms of precapillary resistance vessel dilation.
1,2 Some vasodilatory property of vessels can be detected by measurement of cerebral blood flow at rest and after a vasodilatory stimulus, such as inhalation of carbon dioxide or administration of acetazolamide. 3, 4 Quantitative assessment of cerebrovascular reactivity (CVR) to acetazolamide can be used to assess the severity of hemodynamic impairment in patients with major cerebral artery occlusive disease. 5, 6 In fact, recent prospective studies have demonstrated that reduced CVR after acetazolamide administration can predict the risk for stroke recurrence in patients with symptomatic internal carotid artery (ICA) occlusive disease. [7] [8] [9] Furthermore, patients with reduced CVR are at increased risk for cerebral hyperperfusion after carotid endarterectomy, 10, 11 which may result in intracerebral hemorrhage or cognitive impairment. [12] [13] [14] Measurement of cerebral mean transit time is a sensitive method to estimate CVR to acetazolamide. 15 Specifically, increased mean transit time values correlate with decreased CVR to acetazolamide, as determined by brain perfusion singlephoton emission CT (SPECT). 16, 17 The cerebral mean transit time is also proportional to blood flow velocity in the middle cerebral artery (MCA). 18, 19 Thus, the MCA blood flow velocity may identify reduced CVR to acetazolamide.
MR angiography (MRA) with use of 3D time-of-flight (TOF) uses signals generated by the inflow of fresh, unsaturated, and fully magnetized blood spins into the slab. 20, 21 These spins are gradually saturated during movement within the slab. This saturation effect causes signal intensity loss in the peripheral arteries. The signal intensity loss from the saturation effect is flow velocity dependent and is more pronounced with lower flow velocity, 22 particularly in single-slab 3D TOF MRA. 21 The goal of our study was to compare the usefulness of MCA signal intensity on single-slab 3D TOF MRA versus CVR to acetazolamide measured by quantitative perfusion SPECT for the detection of cerebral hemodynamic impairment in patients with cervical ICA steno-occlusive diseases.
Materials and Methods

Patients
This study included 87 patients (3 women and 84 men) aged 52 to 81 years (mean age, 68 years) with steno-occlusive diseases in the cervical portion of the ICA. None of the patients had altered level of consciousness, restlessness, dementia, or cardiac failure. All patients underwent MRA at local hospitals with use of a 1.5T or less imager, which revealed preexisting lesions in all cases. Patients diagnosed with Moyamoya disease on MRA were excluded from our study. As per the North American Symptomatic Carotid Endarterectomy Trial, 23 The study protocol was approved by the local ethics committee. All patients provided written informed consent before the study.
MRA Study
MRA was performed with a 3T imager (Signa Excite HD; GE Healthcare, Milwaukee, Wis). Axial single-slab 3D TOF MRA in the cervical portion was obtained at the carotid bifurcation with use of 5-inch surface coils (TR, 21 ms; TE, 3 ms; variable flip angle, 17-34°in the inferosuperior direction; matrix size, 512 ϫ 256; FOV, 22 cm; section thickness, 1.2 mm; partition size, 60 with zero-fill interpolation [120 sections with 0.6-mm intervals]; NEX, 1; presaturation pulse above the slab, a fat suppression pulse, and a flow compensation; and acquisition time, 4 minutes 26 seconds). Then, axial single-slab 3D TOF MRA of the intracranial arteries, which was parallel to the anterior/ posterior commissure line and was covered from the pontomedullary junction to the corpus callosum, was obtained with use of an 8-channel head coil (TR, 30 ms; TE, 3.7 ms; variable flip angles of 17-34°in the inferosuperior direction; matrix size, 512 ϫ 320; FOV, 24 cm; section thickness, 1.0 mm; partition size, 90 with zero-fill interpolation [180 sections with 0.5-mm intervals]; NEX, 1; magnetization transfer pulse and flow compensation; and acquisition time, 6 minutes 22 seconds).
Signal intensity of the MCA in the intracranial MRA was visually classified into the following 4 grades according to the ability to visualize the MCA (Fig 1) : all M3 branches of the MCA could be visualized to the cortical surface (grade A), 1 or more M3 branches could not be visualized to the cortical surface (grade B), 1 or more M2 branches could not be visualized along its course (grade C), and the M1 could not be visualized along its course (grade D).
To assess interobserver variability of the MRA grading, 2 experienced neuroradiologists independently reviewed all MRA images (first, R.H.; and second, T.I.). In addition, the first observer reviewed the same images a second time, after a 3-month interval to account for the intraobserver variability of the study. Both observers were blinded to all patient information other than the images to be reviewed. Each observer was blind to the other's assessments and to their own previous assessments.
SPECT Study
Brain perfusion was assessed with use of iodine 123 N-isopropyl-piodoamphetamine ( 123 I-IMP) and SPECT. We performed SPECT studies using a ring-type SPECT scanner, a Headtome-SET080 (Shimadzu, Kyoto, Japan), which provides 31 tomographic images simultaneously. The spatial resolution of the scanner with a low-energy, all-purpose collimator was 13 mm full width at half maximum (FWHM) at the center of the FOV, and the section thickness was 25 mm FWHM at the FOV center. Image sections were taken at 5-mm center-to-center spacing parallel to the orbitomeatal line. We reconstructed the images using the weighted-filtered backprojection technique, in which the attenuation correction was made by detecting the edge of the object. An attenuation coefficient of 0.065 cm Ϫ1 , a Butterworth filter (cutoff point, 0.45 cycle/cm; order, 3) and a ramp filter were used for image reconstruction. The 123 I-IMP SPECT studies at the resting state and with acetazolamide challenge were performed as described previously. 24 The cerebral blood flow images were calculated according to the 123 I-IMPautoradiography method. 24, 25 The same standard input function at the resting state was used in the calculation of cerebral blood flow with acetazolamide challenge. The V d value was assumed to be 35 mL/mL in the calculation of cerebral blood flow images. We transformed all SPECT images into the standard brain size and shape by linear and nonlinear transformation using SPM99 for anatomic standardization. 26 Thus, the brain images of all subjects had the same anatomic format. Next, 318 constant regions of interest (ROIs) were automatically placed in both the cerebral and cerebellar hemispheres with a 3D stereotaxic ROI template. 27 The ROIs were grouped into 10 segments (callosomarginal, pericallosal, precentral, central, parietal, angular, temporal, posterior, hippocampus, and cerebellum) in each hemisphere according to the arterial supply. Only 5 (precentral, central, parietal, angular, and temporal) of these 10 segments were summed and defined as an ROI perfused by the MCA (Fig  2) . The mean cerebral blood flow value at the resting state and with acetazolamide challenge was measured in each MCA ROI. Then, CVR to acetazolamide was calculated as follows: CVR (%) ϭ [(acetazolamide challenge cerebral blood flow -resting cerebral blood flow)/ resting cerebral blood flow] ϫ 100. Using the same method, we studied 10 healthy subjects (8 men and 2 women; age, 35-65 years; mean age, 52.3 years) to obtain control values. 24 The control values of CVR were 36.8 Ϯ 9.2%, respectively. When the values of CVR were less than the mean minus 2 SD (ie, 18.4%), they were rated as reduced CVR. All MRA and SPECT studies were performed within 5 days.
Statistical Analysis
To determine the interobserver and intraobserver agreement of the MRA grading, we calculated the proportion of concordant assessments and statistics using data determined by the 2 observers. The Descriptive data were expressed as the mean Ϯ SD. The first MRA grading assessments by the first observer were used for all of the following analyses. We examined differences of CVR to acetazolamide among the 4 MRA grades using 1-way analysis of variance followed by Scheffé multiple comparisons. Differences were deemed statistically significance if P was less than .05. We evaluated the incidences of reduced CVR to acetazolamide among the 4 MRA grades using the 2 test followed by Bonferroni inequality correction. Differences between each MRA grade were deemed statistically significant if P was less than .05/6 ϭ 0.0083. In addition, the grading accuracy of MRA to detect reduced CVR to acetazolamide was assessed with the receiver operating characteristic curve.
Results
The first observer at the first review assessed 108 cerebral hemispheres with lesions among 87 patients as MRA grades of A, (59) B, (26) C (16), and D (7). Interobserver [concordant rate ϭ 0.93, ϭ 0.88 (95% CI, 0.76 -0.99)] and intraobserver [concordant rate ϭ 0.95, ϭ 0.93 (95% CI, 0.80 -0.99)] agreements in MRA grading were excellent. Although the concordance rate of cerebral hemispheres with MRA grade A was 1.00 for both the interobserver and intraobserver agreements, the rates for the other MRA grades were less than 0.90, except for the intraobserver agreement in MRA grades C and D (Table ). However, none of cerebral hemispheres with MRA grade B, C, or D was subsequently graded as A in any review by either observer. All 66 cerebral hemispheres without lesions among 87 patients were assessed as MRA grades of A in all reviews. ing to MRA grade were 6.8% (4/59) for A, 42.3% (11/26) for B, 62.5% (10/16) for C, and 57.1% (4/7) for D. Although the incidence was significantly higher in cerebral hemispheres with MRA grade B (P Ͻ .0001), C (P Ͻ .0001), or D (P ϭ .003) than in those with MRA grade A, there was no difference when comparing MRA grades B, C, and D. None of the 66 cerebral hemispheres without lesions exhibited reduced CVR to acetazolamide. Sensitivity and specificity in the cutoff point lying closest to the left upper corner of the receiver operating characteristic curve in the detection of reduced CVR to acetazolamide in cerebral hemispheres with lesions were 86.2% and 69.6%, respectively, when the cutoff point was set between MRA grades A and B (grade A vs grade B, C, and D). Positive predictive values and negative predictive values were 51.0% and 93.2%, respectively. Figure 4 shows SPECT images in a patient with MRA grade C.
Discussion
Our study demonstrates that a simple MRA method can assess hemodynamic impairment with a high negative predictive value. Although the signal intensity of the MCA in the MRA was visually graded with use of a subjective process, the interobserver and intraobserver agreements of these measurements were excellent.
The 123 I-IMP-autoradiography method with SPECT used in our study accurately quantifies CVR and can adequately define subgroups of patients with reduced CVR. 24 Furthermore, recent prospective studies have demonstrated that reduced CVR to acetazolamide measured by quantitative brain perfusion SPECT (defined by values less than the mean Ϫ2 SD of the CVR or 95% confidence limits obtained in control subjects) can predict the risk for stroke recurrence in patients with symptomatic ICA occlusive disease 7, 8 and the risk for cerebral hyperperfusion after carotid endarterectomy. 11 The same definition of reduced CVR was used in this study.
While single-slab 3D TOF MRA used in our study is less appropriate than multiple overlapping thin-slab acquisition to show intracranial vessels, 21 the signal intensity of the arteries displayed by the former method correlates with blood flow velocity. 22 As a result, CVR to acetazolamide was significantly lower in cerebral hemispheres with reduced MCA signal intensity than in those with normal MCA signal intensity. Furthermore, the incidence of reduced CVR to acetazolamide was significantly higher in cerebral hemispheres with reduced MCA signal intensity than in those with normal MCA signal intensity.
Our study also determined the threshold of MRA grading required to detect hemispheres with reduced CVR. Assuming the SPECT-CVR as the true determinant of hemodynamic impairment, MRA grading was associated with a 93.2% negative predictive value for the detection of reduced CVR in cerebral hemispheres with lesions. The interobserver and intraobserver variability for MRA grading had a concordance rate of 1.00 in cerebral hemispheres with normal MCA signal intensity, and none of the cerebral hemispheres determined as having reduced MCA signal intensity were subsequently graded as having normal MCA signal intensity at any other time. In addition, all cerebral hemispheres without lesions and without reduced CVR to acetazolamide were assessed as MRA grades of A in all reviews. These properties support the usefulness of this MRA method as a screening test for hemispheric hemodynamic impairment.
Our study possessed several limitations. When the ICA is chronically occluded, the collateral blood flows via the anterior or posterior communicating arteries, or the leptomeningeal anastomosis often perfuses the occluded area, thereby maintaining normal hemodynamics. By contrast, longer paths of collateral blood flow result in higher saturation of inflowing spins. As a result, collateral blood flow signals are lost, and the affected MCA is not displayed in single-slab 3D TOF MRA. In addition, when 1 or more MCA branches are not visualized in the MRA, they may simply be occluded, and the degree of the visualization may not reflect the velocity of inflowing blood relevant to ICA steno-occlusive diseases. These phenomena may account for the low positive predictive value for the detection of reduced hemispheric CVR with use of the present method.
In our study, we used axial single-slab 3D TOF MRA of the intracranial arteries that was parallel to the anterior/posterior commissure line. Although the MRA sequence and method are unique, they are easily reproducible on most clinical 1.5T MR imagers. Thus, the present MRA methods may not be limited to particular institutions.
In contrast to the 3T MR imaging model used in our study, most institutions commonly use a 1.5T MR imager. Although use of a 1.5T MR imager for 3D TOF MRA results in inferior depiction of intracranial arteries because of lower spatial resolution and lower signal-to-noise ratio with decreased T1 relaxation time, 29, 30 MRA imaging is more sensitive and specific for decreased velocity of inflowing blood with a 1.5T MR imager than with a 3T MR imager. Thus, the use of a 1.5T MR imager may be suitable for the detection of hemodynamic impairment in conjunction with this method.
Although SPECT with an acetazolamide challenge is a reliable method to identify patients with hemodynamic impairment, 7, 8, 10, 11, 24 the clinical use of SPECT is precluded by its high cost and limited availability. In addition, acetazolamide is associated with a variety of frequent adverse effects, including metabolic acidosis, hypokalemia, numbness of the extremities, headache, tinnitus, gastrointestinal tract disturbances, and Stevens-Johnson syndrome. 31, 32 Recent studies have demonstrated that the perfusion-weighted MR imaging-cerebral blood volume method also can identify patients with hemodynamic impairment. 33, 34 However, gadolinium-based A 70-year-old man with symptomatic left ICA stenosis (90%) exhibiting MRA grade C (Fig 1) . Single-photon emission CT scan shows reduction of resting cerebral blood flow (upper images) and poor acetazolamide-induced increases in perfusion (lower images) in the left MCA territory.
contrast agents may be associated with the development of nephrogenic systemic fibrosis in the setting of renal insufficiency. 35 By contrast, the present MRA method does not require administration of radioisotope or contrast agents, and its short scanning time is well suited for clinical screening tests.
Conclusions
Our study demonstrates that a simple MRA method can assess hemodynamic impairment with a high negative predictive value. When patients are diagnosed with hemodynamic impairment in the affected cerebral hemisphere by the present method, results should be confirmed with the use of positronemission tomography, SPECT with an acetazolamide challenge, or perfusion-weighted MR imaging. Regardless, use of the present method as a screening test will eliminate the need for follow-up studies in nearly half of patients (45% in our study). However, the present method also failed to detect hemodynamic impairment in 7% of patients. Additional investigation regarding the relationship between the MRA grading system and the risk for stroke recurrence in patients with symptomatic ICA occlusive disease or the risk for cerebral hyperperfusion after carotid endarterectomy will be beneficial to determine the effect of false-negative results in the clinical setting.
